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Summary
Hox genes control the anterior-posterior patterning of most
metazoan embryos. Their sequential expression is initially
established by the segmentation gene cascade in the early
Drosophila embryo [1]. The maintenance of these patterns
depends on the Polycomb group (PcG) and trithorax group
(trxG) complexes during the remainder of the life cycle [2].
We provide both genetic and molecular evidence that the
Hox genes are subject to an additional tier of regulation,
i.e., at the level of transcription elongation. Both Ultrabi-
thorax (Ubx) andAbdominal-B (Abd-B) genes contain stalled
or paused RNA polymerase II (Pol II) even when silent [3, 4].
The Pol II elongation factors Elongin-A and Cdk9 are essen-
tial for optimal Ubx and Abd-B expression. Mitotic recombi-
nation assays suggest that these elongation factors are
also important for the regulation of Notch-, EGF-, and
Dpp-signaling genes. Stalled Pol II persists in tissues where
UbxandAbd-Bare silencedby thePcGcomplex.Wepropose
that stalling fosters both the rapid induction and precise
silencing of Hox gene expression during development.
Results and Discussion
Recent studies suggest that the regulation of polymerase II
(Pol II) elongation might be a common feature of develop-
mental gene control in the Drosophila embryo. Chromatin
immunoprecipitation (ChIP)-chip assays in cultured cell lines
suggest that a significant fraction of all protein-coding genes
contain stalled Pol II [5]. As many as 10% of all protein-coding
genes in the early Drosophila embryo contain Pol II prior to
their expression [3]. Many of these genes are developmental
control genes, such as those encoding components of cell-
signaling pathways, including Wnt, FGF, and Dpp (TGFb).
Moreover, four of the eight Hox genes in Drosophila appear
to contain stalled Pol II (lab, Antp, Ubx, and Abd-B) in the early
embryo [3]. Here, we investigate the role of Pol II elongation
factors in Hox gene expression.
Stalled Pol II at the Ubx and Abd-B Loci
To confirm the preliminary evidence for stalled Pol II at the Ubx
and Abd-B loci (Figure 1A), we performed conventional ChIP
assays with different antibodies against Pol II—namely,
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recognizes the initiating form (Ser-5 phosphorylation) of Pol II
[6]. Both of these antibodies have been used in earlier ChIP [7]
as well as in ChIP-chip [3] assays to elucidate and map distinct
functions of the Pol II complex. Chromatin crosslinking was
performed on 0–2 hr wild-type embryos prior to the onset of
Hox gene expression. The chromatin was sonicated and
precipitated with anti-Pol II antibodies, and then the extracted
DNA was used as a template for PCR amplification (Figure 1B).
Hsp70 was used as a control because it represents the proto-
typic example of paused Pol II [4, 8]. As expected, the hsp70
promoter region contains strong Pol II signals with both the
8WG16 and H14 antibodies, indicating that an initiated Pol II
is bound to the hsp70 promoter prior to heat shock induction.
The Ubx and Abd-B promoter regions also exhibit strong
signals, whereas PCR amplification performed with exonic
probes failed to detect Pol II binding within the main body of
the transcription unit (Figure 1B). The presenceof the H14 signal
at these promoters suggests that Ser5 of the Pol II CTD is phos-
phorylated (initiated Pol II) prior to the activation of Ubx and
Abd-B expression. As predicted from the previous ChIP-chip
assays (Figure 1A; [3]), the abd-A promoter region lacks Pol II.
The preceding studies suggest that Ubx and Abd-B contain
a stalled form of Pol II in early embryos. Additional assays were
done to investigate Pol II binding in wing and haltere imaginal
discs (Figure 2A). The hsp70 promoter region contains strong
Pol II signals in both wing and haltere discs, consistent with
previous studies suggesting that the gene is stably paused
in most or all tissues prior to induction by heat shock [9]. The
ChIP assays also identify strong Pol II signals in the Ubx
promoter region of wing discs (Figures 2A and 2B), where
the gene is silenced by the PcG complex [10]. In contrast,
a probe directed against exon 1 failed to detect significant
levels of Pol II within the main body of the transcription unit
(Figures 2A and 2B).
Very different results were obtained with haltere discs, in
which Ubx is strongly expressed and the resulting Ubx
repressor inhibits wing development. In this case, strong Pol
II signals are detected in both the promoter region and exon,
as would be expected for an actively expressed gene (Fig-
ure 2A). These findings were strengthened by the use of
qPCR assays (Figure 2B). For these experiments, ChIP assays
were done with a cocktail of Pol II antibodies (both 8WG16 and
H14), as described previously [3]. Pol II signals are detected in
both the promoter region and exon of the Ubx locus in haltere
discs, where the gene is active. In contrast, there are substan-
tially higher levels of Pol II in the promoter region than exon in
wing discs where Ubx is silent (Figure 2B). Permanganate
protection assays are consistent with the occurrence of
paused Pol II located between +18 and +35 bp downstream of
the Ubx transcription start site (see Figure S1 available online).
Abd-B also exhibits higher levels of Pol II binding in the
promoter region as compared with exon 1 (Figure 2C).
However, unlike Ubx, Abd-B is silent in both the wing and
haltere discs [11], so it is not surprising that Pol II is not signif-
icantly detected in exon 1 in either tissue. As seen in early
embryos, the promoter region of abd-A lacks significant bind-
ing of Pol II in wing discs (Figure 2A; compare with Figure 1A).
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Figure 1. Ubx and Abd-B Are Stalled in the Early Embryo
(A) ChIP-chip assays revealed that Ubx and Abd-B have Pol II signal (shown by arrow) at their promoters in inactive conditions in early 2–4 hr embryos;
abd-A does not display a Pol II signal at its promoter region.
(B) Conventional ChIP assays, followed by PCR, with Pol II antibodies (8WG16 against CTD of Pol II and H14 against Ser5-phosphorylated CTD of
Pol II [initiated Pol II]) were performed on 0–2 hr embryos and visualized by gel electrophoresis. Abd-B and Ubx genes are inactive in early embryos
(0–2 hr), but Pol II signals were observed at the promoter regions of both of the genes (rows 1 and 3, respectively). The exonic regions of Abd-B and
Ubx do not show any signal for Pol II binding (rows 2 and 4, respectively). Hsp70 promoter was used as a positive control and displayed signal for Pol II
as expected (row 5), whereas abd-A promoter, which was shown to be nonpaused in early embryos [3], does not show any Pol II signal at its promoter
(row 6).Genetic Interactions with Pol II Elongation Factors
Pol II stalling raises the possibility that Ubx might be regulated
at the level of transcriptional elongation. A number of elonga-
tion factors have been identified in cell culture assays,
including negative elongation factors (NELF) A–E, ELONGIN-A
(Elo-A), suppressor of termination (SPT) 4 and 5, and cyclin-
dependent kinase 9 (CDK9) [4]. Reduced levels ofUbx+ activity
cause a slight transformation of halteres into wings because
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Figure 2. Ubx and Abd-B Genes Show Promoter-
Proximal Stalling of RNA Pol II in Wing and Haltere
Imaginal Discs
Pol II ChIP was performed on wing and haltere
imaginal discs, followed by conventional PCR
and qPCR analysis. IP was done with a cocktail
of antibody-recognizing CTD of Pol II (8WG16)
and Ser5-phosphorylated CTD of Pol II (H14) as
well as each of them alone.
(A) In the haltere discs, Ubx gene is active, and
Pol II shows signals along the promoter (row 1)
as well as exon regions (row 2), whereas, in the
wing discs, it shows signal at the promoter region (row 4) and no signal at the exon (row 5), thus supporting the fact that, even when Ubx is inactive in
the wing discs, it still shows Pol II binding at the promoter regions and may be stalled or paused. The hsp70 gene shows Pol II signals at both haltere discs
(row 3) and wing discs (row 6). The abd-A promoter does not show Pol II signal in wing disc and was used as negative control (row 7), and rp49 was used as
loading control (row 8).
(B) qPCRs with cocktail of Pol II antibody (8WG16 and H14) reveal signals of Pol II on Ubx promoter in wing discs, whereas haltere discs show similar signals
of Pol II in promoter and exon regions.
(C) Abd-B gene is known to be inactive in haltere as well as wing discs. qPCRs display enrichment of Pol II binding at the proximal-promoter region when
compared to the exon in wing as well as haltere imaginal discs.
Error bars represent SD in the percent precipitation values for each interval.
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Figure 3. Enhancement and Suppression of Ubx and Abd-B Phenotypes by Elongation Factor Mutants
(A–F) The dominant Ubx1 allele (B), which shows partial haltere to wing transformation (slightly large halteres and presence of ectopic wing like bristle at the
base of stalk (arrow) when compared to WT haltere [A]), was used for enhancement-suppression assay against the elongation mutants. In (C) Elo-A and (D)
Cdk9 backgrounds, the haltere-to-wing transformation was enhanced in 100% of transheterozygotes (as can be seen by increase in size and number of
wing-like bristles in the haltere). The haltere-to-wing phenotype was partially suppressed in 100% of the transheterozygotes in (E) Spt4 background (as
loss of prominent wing-like bristle along the leading edge of haltere occurs). A triple mutant fly was generated Cdk9/+; Elo-A/Ubx in order to investigate
whether the elongation factors act together to control Ubx gene transcription (F), and severe haltere-to-wing transformation (increased wing-like bristles
and overall size of haltere) was observed in 100% of the triple mutants.
(G–N) The haplo-insufficient anteriorization phenotype of partial A7-to-A6 (presence of small pigmented segmented below A6, shown by red arrow) and
A6-to-A5 transformation (presence of bristles in A6 sternite, shown by black arrows) in Abd-BM1 allele (compare [H] to [G]) was used as a benchmark for
looking for its interaction with the elongation factor mutants. Elongation factors like Elo-A (I), Cdk9 (J), Spt5 (K), and Spt4 (L) all enhanced the partial
A7-to-A6 (increased the small pigmented segment size, shown by red arrows) and A6-to-A5 transformation (more bristles in A6 sternite, shown by black
arrows) in 100% of the transheterozygotes, suggesting its role in facilitating transcription of Abd-B gene. The Nelf-E mutation suppressed the dominant
Abd-B phenotype (compare [M] to [G]) and made all of the transheterozygotes look like wild-type files (as seen by loss of A7-to-A6 and A6-to-A5 transfor-
mations), suggesting that it is bringing about negative regulation of Abd-B gene. The triple mutant Cdk9/+; Elo-A/ Abd-BM1 (N) flies show severe enhance-
ment of Abd-B phenotype (which is reflected by increased bristles in A6 sternite [black arrows] and stronger A7-to-A6 transformation [red arrow]).Ubx functions as a repressor of wing development in the
halteres [1]. We reasoned that, if Ubx is regulated at the level
of Pol II elongation, then reduced levels of critical elongation
factors should enhance the patterning defects observed in
weak Ubx mutants (Figure 3).
We specifically examined mutations in four different elonga-
tion factors: Elo-A, Cdk9, Spt4, and Spt5. Cdk9 has been
shown to be a critical activator of paused Pol II at the hsp70
promoter [4]. Heterozygotes for each mutation were examined
in a Ubx1/+ background, which displays a weak expansion of
the halteres (Figure 3B; compare with Figure 3A). Elo-A/+;
Ubx1/+ double heterozygotes display an enhanced transfor-
mation of halteres into wings (Figure 3C). In particular, several
wing-like bristles appear at the leading margin of the halteres.
A similar phenotype was observed for Cdk9/+; Ubx1/+ double
heterozygotes (Figure 3D). Spt4 mutations cause a slight
suppression of the Ubx1/+ phenotype, consistent with their
dual activities in both attenuating and augmenting Pol II elon-
gation (e.g., Figure 3E).
Cdk9 and Elo-A are thought to regulate distinct aspects of
Pol II elongation. The Cdk9 kinase phosphorylates Ser-2 of
the Pol II CTD, which is critical for the release of Pol II from
the pause site in the hsp70promoter. Inhibition of Cdk9 activity
causes a global reduction in Ser-2 phosphorylation [12]. In
contrast, Elo-A appears to act at a later point of Pol II elonga-
tion after release from the pause site [4]. Mutations inCdk9 and
Elo-A cause an additive enhancement in theUbx1/+ phenotype(Figure 3F). Triple heterozygotes display an expansion in the
overall size of the haltere, and the anterior margin contains
a series of bristles like those seen in wings. This phenotype
suggests that diminished levels of Cdk9 and Elo-A cause
significant reductions in Ubx+ activity.
ChIP-chip and conventional ChIP assays suggest that the
Abd-B promoter region might also contain a stalled form of
Pol II (see Figures 1 and 2). As seen for Ubx, reduced levels
of Cdk9 and Elo-A cause significant enhancements in the
Abd-BM1/+ mutant phenotype (Figures 3G–3N). In particular,
Abd-BM1/+ heterozygotes display a weak transformation of
posterior abdominal segments into anterior segments, partic-
ularly the seventh abdominal segment (A7) into A6 (ectopic
partial pigmentation) and A6 to A5 (ectopic bristles in A6
sternite) [13, 14] (Figure 3H; compare with Figure 3G). These
phenotypes are augmented by reductions in either Cdk9 or
Elo-A activity. Double heterozygotes display a more complete
A7-to-A6 transformation, as well as an increase in the number
of bristles in A6, suggesting a more severe A6-to-A5 transfor-
mation (Figures 3I and 3J). These segmental transformations
are weakly enhanced (not suppressed) by lower levels of
Spt4 and Spt5 (Figures 3K and 3L). In contrast, mutations in
the negative elongation factor Nelf-E strongly suppress the
Abd-BM1 phenotype (Figure 3M), which is consistent with
enhanced transcription of Abd-B. Triple heterozygotes,
Abd-BM1/+; Cdk9/+; Elo-A/+, display an even more dramatic
transformation of A7 to A6 and A6 to A5. Thus, as seen for
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Display Patterning Phenotypes
(A–C) The mitotic clones of Cdk9 and Elo-A were
generated with standard techniques and were
screened for Ubx phenotype (haltere-to-wing
transformation) in the adult flies. Mitotic clones
of Cdk9 (B) and Elo-A (C) in adult haltere lead to
transformation of haltere to wings (as seen by
emergence of wing-like bristles) that is absent in
WT haltere (A).
(D–F) Haltere imaginal discs containing Cdk9
clones (seen by using GFP as marker; note the
Cdk92/2 clone marked by no GFP and twin spot
marked by GFP+/+ in a background of GFP+/2
[D]) lack Ubx expression (seen by anti-UBX stain-
ing in red; note the loss of UBX staining from the
Cdk92/2 clone and normal staining of Ubx in
GFP+/+ clones [E]). DAPI (F) was used to mark
cell nuclei in the haltere imaginal discs.
(G–M) The adult mitotic clones of Cdk9 and Elo-A
display phenotypes associated with signaling
mutants. Cdk9 clones show ectopic wing veins
(H) and notched wings (I). Elo-A mitotic clones
display similar signaling phenotypes of ectopic
wing veins (J), short-wing crossveins (K), duplica-
tion of macrochaete in adult notum (L, shown by
arrow), and loss of macrochaete from notum
region (M, shown by dashed circles). All of these
phenotypes suggest perturbations in Notch,
EGF, and Dpp (TGFb) signaling.Ubx, reduced levels of Cdk9 and Elo-A cause a significant
diminishment in Abd-B+ gene activity (Figure 3N).
Cdk9 and Elo-A Mutations Produce Classical
Patterning Defects
Stalled Pol II appears to be disproportionately associated with
developmental control genes as compared with ‘‘house-
keeping’’ genes that control cell metabolism and proliferation
[e.g., 3, 5]. A substantial fraction of stalled genes exhibit
localized patterns of expression during embryogenesis, such
as Hox genes and genes encoding components of signaling
pathways (e.g., Dpp, FGF, Notch, etc.) [3]. Therefore, we
explored the possibility that elimination of Cdk9 and Elo-A
activity via the production of mitotic clones might produce
specific developmental defects in adult appendages. In these
experiments, there is no perturbation of Ubx or Abd-B activity.
Cdk9 and Elo-A activities are disrupted in an otherwise
wild-type background.
The localized loss of Cdk9 or Elo-A activity in the haltere
discs leads to weak wing transformation phenotypes, similar
to those seen for reductions in Ubx (Figures 4B and 4C;
compare with Figure 4A). In particular, there is an expansion
in the size of the halteres, and wing-like bristles appear at
the margins. At least some of these phenotypes appear to
arise from the specific loss of Ubx expression (Figures 4D–
4F). Haltere discs containing clonal patches of Cdk92/Cdk92
tissue (identified by the loss of GFP expression) display
localized reductions in Ubx activity, as judged by the use of
an anti-Ubx antibody (Figure 4E). This observation suggests
that Ubx transcription is particularly sensitive to diminished
activities of Pol II elongation factors, which is consistent withthe evidence that the Ubx promoter region contains stalled
Pol II.
Cdk9 and Elo-A mitotic clones produce a variety of
patterning defects in the wing and notum (Figures 4G–4M
and S2C). Most notably, there is notching of the wing margins
(Figure 4I), ectopic wing veins (Figures 4H and 4J), short cross-
veins (Figure 4K), and both losses and duplications of macro-
chaete in the notum (Figures 4L and 4M). These phenotypes
might arise from perturbations in Notch, EGF, and Dpp
(TGFb) signaling (also see Figure S2C). Genes encoding
components of each of these pathways appear to contain
stalled Pol II in early embryos [3].
We presented evidence that the elongation factorsCdk9 and
Elo-A are essential for optimal expression of at least a subset
of Drosophila Hox genes, particularly Ubx+ activity in the
developing halteres. Small patches of Elo-A2/Elo-A2 or
Cdk92/Cdk92 mutant tissue also cause specific patterning
defects in the wings and notum (Figure 4). Both Pol II elonga-
tion factors are probably required for normal expression of
a great number of genes in the Drosophila genome. Indeed,
both elongation genes are essential, and every attempt to
create large mitotic clones resulted in larval lethality. Such
lethality presumably reflects the general role of Elo-A and
Cdk9 in gene expression. Previous studies have documented
the general importance of the elongation factors ELL and
Elo-A in Drosophila larval development and metamorphosis
[15, 16]. Nonetheless, it would appear that a small number of
patterning genes, including Ubx, are particularly sensitive to
the loss of Elo-A and Cdk9 activity.
It has been extensively argued that Polycomb might mediate
repression by propagating an inactive form of chromatin, for
example, by methylation of H3K27 followed by recruitment of
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state [2]. However, the demonstration that TBP and Pol II are
present in the Ubx proximal promoter in wing imaginal discs
suggests that PcG silencing does not render the chromatin
inaccessible for the binding of even large protein complexes
[11]. Instead, we propose that paused Pol II could contribute
to PcG silencing by excluding the binding of additional Pol II
complexes. Such occlusion by steric hindrance might help
reduce transcriptional noise and thereby maintain Ubx repres-
sion. Mutations in the elongation factor, ELL [Su(Tpl)],
suppressScrphenotypes caused by thePc4 Polycomb mutant
[15, 17], raising the possibility that Pol II elongation factors
somehow communicate with the PcG-silencing complex. We
propose that stalling might serve the dual role of fostering
both silencing and rapid induction and thereby provide a sharp
on/off switch in Hox regulation.
Experimental Procedures
Fly Crosses
The flies were constantly raised at 25C, and trans-heterozygous crosses
were made by crossing balanced stocks and scoring for flies without any
balancers. The elongation factor mutations were obtained from Blooming-
ton stock center and were generated either by the Exilexis or DrosDel
projects. The stocks that were used in genetic studies are y1 w1118;
Spt5MGE-3/SM1; Psn143/TM6B (Spt5); y
1 w67c23; P{w[+mC] = lacW}
spt4k05316/CyO (Spt4); y1 w67c23; y1 w67c23; P{w[+mC] y[+mDint2] = EPgy2}
EY07065/TM3, Sb1 Ser1 (Nelf-E), c00768/TM6B,Tb (Nelf-E); w
1118; Df(3R)
Exel6274, P{w[+mC] = XP-U}Exel6274/TM6B, Tb1 (Elongin-A); and w1118;
PBac {w[+mC] = WH} Cdk9f05537/CyO (Cdk9). Ubx1/TM6B, Tb and Abd-B
M1/
TM6B, Tb were obtained from E.S. Herrero. The generation of mitotic clones
was performed with standard techniques [18]. For generating Cdk9 clones,
w1118; P{ry[+t7.2] = neoFRT}42D P{w[+mC] = Ubi-GFP(S65T)nls}2R/CyO
was used, and for Elongin-A clones, yw; P{neoFRT}82B, Sb/TM6 and w;
P{neoFRT}82B, P{ubi-GFP} were used. The FLP line used for all of the
crosses was hs-flp/hs-flp,y; Dr/TM3,Sb.
Chromatin Immunoprecipitation
In brief, the embryos were collected for 0–2 hr overnight, dechorionated in
bleach, collected in a mesh, washed thoroughly with water, rinsed with
Triton-NaCl solution once, and washed thoroughly with water again. The
embryos were transferred to scintillation vials and fixed in formaldehyde-
saturated hexanes for 25 min [3]. The embryos were disrupted in 7 ml
Wheaton Dounce homogenizer in homogenization buffer and washed
several times in wash buffers. The chromatin was then sonicated to get
desired fragment size and aliquoted for further immunoprecipitations.
IP was performed following ChIP protocol provided with Upstate Biotech-
nology ChIP Assay Kit. For IP, chromatin was incubated with Protein A
Sepharose resin slurry (Upstate Biotechnology) for 1 hr at 4C. Precleared
chromatin was incubated with preimmune serum (IgG, IgM) or with
a-8WG16 antibody (Covance), a-H14 (Covance) antibody overnight at 4C.
Antibody-bound chromatin was mixed with either 60 ml protein A Sepharose
or protein G Sepharose resin slurry and incubated for 1 hr at 4C. The protein A
beads bound with anti-mouse IgM (Sigma) were used for IP experiments
with H14 antibody. Chromatin from chromatin-antibody-resin complex
was recovered after treatment with RNase A and Proteinase K and column
purified. Precipitated DNA was resuspended in equal volume analyzed by
real-time PCR or conventional PCR. Primer pairs were designed to amplify
100 bp–200 bp fragments at regular intervals along the regions of interest
(Table S1). PCR was performed and monitored in 7300 real-time PCR
system with Sybr Green master mix (Applied Biosystems). Dissociation
curves were analyzed as a means to ensure quality of amplicon and to
monitor primer dimers. Enrichment was determined based on the differ-
ences of the critical threshold (DCt) measurements and was calculated
based on formulae described elsewhere [19].
For the wing and haltere imaginal disc ChIP assay, the discs were
dissected from late third-instar larvae from yw stocks. Larvae were either
maintained continuously at 18C or shifted from 18C to 25C 48 hr prior
to dissection. Discs were dissected in serum-free SL2 cell medium and
stored on ice until ready for formaldehyde fixation. Groups of 20 discs
were fixed at a time in 1% formaldehyde for 20 min on ice and thenquenched in 5 3 glycine. They were washed thrice in cold 1 3 PBS and
suspended in SDS Lysis buffer with protease inhibitor cocktail II (supplied
by Upstate ChIP Kit). The discs were sonicated to get the chromatin and
subjected to ChIP, and samples were followed up by conventional PCR or
real-time PCR as described above.
Antibody Staining of Imaginal Discs
For antibody staining, imaginal discs were dissected out and fixed in 4%
paraformaldehyde and then washed in PBS thoroughly. Discs were then
incubated in PBTX (PBS + BSA [Sigma] [0.5%] + Triton X-100 [Sigma]
[0.1%]) for blocking at room temperature. The discs were washed again
with PBTX thoroughly, and primary antibody was added (monoclonal
a-UBX, gift from Rob White and rabbit a-GFP, Invitrogen) and left overnight
at 4C. After washing by PBTX three times, secondary antibody was added
(anti-rabbit Alexa 488 and anti-mouse Alexa 555) and left for 2–3 hr at RT.
The discs were washed in PBTX and PBS; the discs were mounted in
Prolong Gold medium with DAPI (Invitrogen) and visualized by fluorescent
microscopy.
Supplemental Data
Supplemental Data include Supplemental Experimental Procedures, one
table, and two figures and can be found with this article online at http://
www.current-biology.com/supplemental/S0960-9822(09)00808-2.
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